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AbSTrACT
Purpose. Female runners are known to be at greater risk from chronic running injuries than age-matched males, although the exact 
mechanisms are often poorly understood. The aim of the current investigation was to determine if female recreational runners 
exhibit distinct limb and joint stiffness characteristics in relation to their male counterparts. Methods. Fourteen male and fourteen 
female runners ran over a force platform at 4.0 m · s–1. Lower limb kinematics were collected using an eight-camera optoelectric 
motion capture system operating at 250 Hz. Measures of limb and joint stiffness were calculated as a function of limb length and 
joint moments divided by the extent of limb and joint excursion. All stiffness and joint moment parameters were normalized 
to body mass. Sex differences in normalized limb and knee and ankle joint stiffness were examined statistically using independent 
samples t tests. Results. The results indicate that normalized limb (male = 0.18 ± 0.07, female = 0.37 ± 0.10 kN · kg · m–1) and knee 
stiffness (male = 5.59 ± 2.02, female = 7.34 ± 1.78 Nm · kg · rad–1) were significantly greater in female runners. Conclusions. On 
the basis that normalized knee and limb stiffness were shown to be significantly greater in female runners, the findings from the 
current investigation may provide further insight into the aetiology of the distinct injury patterns observed between sexes.
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Introduction
Distance running is a very popular physical and rec-
reational activity that has been shown to be physiolog-
ically advantageous [1]. However, retrospective and 
prospective aetiological research indicates that 19.4–
79.3% of those who engage in running activities will suffer 
from a chronic pathology over the course of 1 year [2], in 
which female runners are known to be at greater risk from 
chronic running injuries than age-matched males [3].
It has been proposed that differences in lower ex-
tremity injury susceptibility between sexes are related to 
the distinct kinetics and kinematics exhibited by female 
runners in relation to males [4]. Current research indi-
cates that females are twice as likely to experience an 
injury in relation to running [5–6], though the specific 
aetiological mechanisms are not well understood. Thus, 
there are requirements for further examination into 
the biomechanical mechanisms that may be associated 
with injury in female runners.
Current clinical research on the aetiology of chronic 
lower limb pathologies and the mechanics of human 
locomotion has begun investigating lower extremity 
limb stiffness. Stiffness, in its simplest form, is a ratio of 
the force applied and subsequent deformation of a body 
[7]. During running, the stance limb can be modelled 
using a spring mass system, where the stance limb reflects 
a linear spring and the runner’s body mass is representa-
tive of the point mass [8–10]. The limb spring is able to 
compress and expand during the stance phase as lower 
extremity joints flex and then extend [11]. With regards 
to clinical effects, if the limb spring is overly compliant, 
then overload of the musculoskeletal structures asso-
ciated with force attenuation may occur. In turn, if stiff-
ness increases, the forces may be increased up the kinetic 
chain [12–14]. It has been therefore hypothesized that 
excessive limb stiffness may be linked to an enhanced 
risk for bone-related injuries whereas insufficient stiff-
ness a risk for soft tissue injury [7, 12, 15, 16].
It has also been proposed that the stiffness charac-
teristics of the lower extremity joints need considera-
tion [7]. Joint stiffness is a reflection of the moment to 
angular excursion ratio and is modelled as a torsional 
spring system [12]. Joint stiffness is also clinically im-
portant as it can be related to the attenuation of load trans-
mission through the musculoskeletal system [13, 17]. 
Increased joint stiffness may also be linked to the aetiology 
of running injuries as higher stiffness leads to an in-
creased load that must be borne by the joint in relation 
to a more compliant joint [17–19].
In this regard, sex differences in limb stiffness have also 
been previously considered. Padua et al. [20] examined 
sex differences in limb stiffness during a two-legged 
hopping task. They showed that females exhibited in-
creased limb stiffness but these between-sex differences 
were eliminated when the data was normalized for 
body mass. Granata et al. [21] showed that females were 
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associated with increased limb stiffness compared with 
males, although this investigation did not normalize 
data to body mass. To date, it has not been established 
whether sex differences in limb and joint stiffness exist 
during running and how they may potentially influence 
injury aetiology. The aim of the current investigation was 
to therefore determine whether female recreational run-
ners exhibit distinct limb and joint stiffness characteris-
tics in relation to their male counterparts. Such data may 
provide better understand on the increased prevalence 
of chronic lower extremity injuries in females.
Material and methods
Fourteen male (age 25.21 ± 2.36 years, height 1.89 
± 0.11 m, mass 77.47 ± 5.16 kg) and fourteen female 
(age 26.72 ± 5.62 years, height 1.66 ± 0.15 m, mass 62.37 
± 7.21 kg) recreational runners took part in this inves-
tigation. All participants provided written informed 
consent and ethical approval was obtained from the 
University in line with the principles delineated in the 
Declaration of Helsinki.
The participants completed five running trials at 
4.0 m · s–1 ± 5%. Lower extremity kinematics were quan-
tified using an eight-camera motion analysis system 
(Qualisys Medical, Sweden) at a sampling rate of 250 Hz. 
Participants struck an embedded force platform (Kistler 
9281CA, Kistler Instruments, UK) sampling at 1000 Hz 
with their dominant foot [22]. The stance phase of run-
ning was determined as the time over which > 20 N of 
force in the axial direction was applied to the force 
platform [23].
The calibrated anatomical systems technique (CAST) 
was utilised to quantify knee joint kinematics [24]. To 
define the anatomical frames of the right foot, shank 
and thigh, retroreflective markers were positioned onto 
the medial and lateral malleoli, medial and lateral fem-
oral epicondyles, calcaneus, 1st metatarsal, 5th metatarsal 
and greater trochanter. Carbon-fibre tracking clusters 
comprising four non-linear retroreflective markers were 
positioned onto the thigh and shank segments. The foot 
segment was tracked using the calcaneus, 1st metatarsal 
and 5th metatarsal marker positions. Static calibration 
trials were obtained with the participant in the anatom-
ical position in order for the positions of the anatomical 
markers to be referenced in relation to the tracking clus-
ters. The Z (transverse) axis was oriented vertically from 
the distal segment end to the proximal segment end. 
The Y (coronal) axis was oriented in the segment from the 
posterior to anterior. Finally, the X (sagittal) axis orien-
tation was determined using the right hand rule and was 
oriented from the medial to lateral. Participants wore 
the same footwear throughout the trials (Saucony Pro 
Grid Guide II, Saucony, USA) in sizes 5–10 men’s UK.
retroreflective markers were digitized using Qualisys 
Track Manager in order to identify the markers and ex-
ported as C3D files to Visual 3D software (C-Motion, USA). 
Ground reaction force and retroreflective marker trajec-
tories were filtered at 50 and 12 Hz using a low-pass 
fourth-order zero-lag butterworth filter. Knee and ankle 
joint kinematics were calculated using an XYZ sequence 
of rotations (where X – sagittal plane, Y –coronal plane 
and Z – transverse plane rotations) [25]. Newton-Euler 
inverse-dynamics were also adopted to allow knee and 
ankle joint moments to be calculated. Segment length, 
ground reaction force (GrF) and angular kinematics 
were utilized to quantify joint moment-segment mass. 
All kinematic waveforms were normalized to 100% of 
the stance phase and then the processed trials were 
averaged. Discrete kinematic measures from the knee 
and ankle data extracted for statistical analysis were 
1) angle at footstrike, 2) peak angle, 3) joint angular ex-
cursion (representing the angular displacement from 
footstrike to peak angle) and 4) peak joint moment.
Limb stiffness (kN · kg · m–1), vertical ground reaction 
force (N·kg–1), joint moments (Nm · kg–1), and joint stiff-
ness (Nm·kg·rad–1) parameters were normalized to body 
mass in accordance with Sinclair et al. [13] and Wannop 
et al. [26]. Estimation of normalized limb stiffness during 
running used a mathematical spring-mass model [8]. 
Limb stiffness was determined from the ratio of the peak 
vertical GrF to the maximum compression of the leg 
spring, which was calculated as the change in limb length 
from footstrike to minimum limb length during the 
stance phase [27, 28]. The normalized torsional stiffness 
of the knee and ankle joints were calculated as a function 
of the ratio of the change in sagittal joint moment to 
joint angular excursion in the sagittal plane between the 
beginning of the ground contact phase and the instant 
when the joints were maximally flexed [11]. 
Sex differences in normalized limb and joint stiff-
ness characteristics were examined using independent 
t tests with significance accepted at the p  0.05 level. 
Effect sizes were calculated using Cohen’s d. In addi-
tion, linear regression analyses were adopted in order 
to determine the strength of the relationship between 
measurements of joint and limb stiffness. The data were 
screened for normality using a Shapiro–Wilk test. Sta-
tistical procedures were conducted using SPSS v22.0 
(IbM SPSS, USA).
Results
Table 1 and Figures 1–3 present the normalized limb 
and joint stiffness parameters as a function of sex. The 
results indicate that normalized limb and knee joint 
stiffness parameters were significantly influenced by sex.
Joint kinematics
The results show that normalized peak knee moment 
was significantly larger in female runners, t(26) = 2.09, 
p  0.05, d = 0.82 (Table 1, Figure 1b). Knee excursion 
was shown to be significantly larger in males, t(26) = 
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2.21, p  0.05, d = 0.87 (Table 1, Figure 1a). 
Spring mass characteristics
Normalized limb stiffness was shown to be signifi-
cantly larger in female runners, t(26) = 5.40, p  0.05, 
d = 2.10 (Table 1, Figure 2). Similarly, normalized knee 
stiffness was also shown to be significantly larger in fe-
males, t(26) = 2.10, p ≤ 0.05, d = 0.82 (Table 1, Figure 3a). 
Limb compression was shown to be significantly larger 
in male runners, t(26) = 4.58, p  0.05, d = 1.80 (Table 1). 
Correlational analyses
regression analysis revealed a significant positive 
association between normalized knee and limb stiff-
ness (R2 = 0.44, p  0.05).
Discussion
The current investigation determined whether female 
recreational runners exhibit distinct limb and joint stiff-
ness characteristics in relation to their male counter-
Table 1. Limb and joint stiffness characteristics as a function of sex
Male Female
Mean SD Mean SD
Knee footstrike (rad) 0.27 0.23 0.33 0.17
Knee peak flexion (rad) 0.81 0.25 0.72 0.12
Knee excursion (rad) 0.54 0.41 0.39 0.07 *
Ankle footstrike (rad) 0.09 0.20 0.12 0.10
Ankle peak dorsiflexion (rad) 0.34 0.09 0.37 0.06
Ankle excursion (rad) 0.24 0.17 0.25 0.11
Knee moment (Nm · kg–1) 2.37 0.79 2.86 0.36 *
Ankle moment (Nm · kg–1) 2.37 0.54 2.41 0.17
Knee stiffness (Nm · kg · rad–1) 5.59 2.33 7.24 1.78 *
Ankle stiffness (Nm · kg · rad–1) 13.05 5.69 15.44 15.33
Vertical GrF (N · kg–1) 16.85 6.21 21.67 2.09
Limb compression (m) 0.10 0.02 0.07 0.02 *
Limb stiffness (kN · kg · m–1) 0.18 0.07 0.37 0.10 *
* significant difference
solid line – male, dashed line – female;  
FL – flexion, EXT – extension, DF – dorsiflexion 
Figure 1. Joint angles and normalized moments  
for sagittal knee angle (a.), sagittal knee moment (b.), 
sagittal ankle angle (c.), sagittal ankle moment (d.)
solid line – male, dashed line – female
Figure 2. Normalized vertical limb displacement curve (GrF)
solid line – male, dashed line – female  
Figure 3. Normalized knee (a.) and ankle (b.)  
joint moment–angular displacement curves
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stiffness and limb stiffness, indicating that knee com-
pliance acts as a key regulator of limb stiffness. This is 
perhaps to be expected during running as the sagittal 
plane knee excursion is typically much larger than that 
of the ankle joint. Our results are in contrast with the 
observations of Farley and Morgenroth [11], who de-
noted that leg stiffness during submaximal hopping is 
primarily determined by the stiffness characteristics 
of the ankle joint. This discrepancy may relate to differ-
ences in the relative contribution of each joint to the 
distinct movements. It has been shown that the ankle 
joint is more crucial in hopping tasks when compared 
with running as it exhibits a larger sagittal plane excur-
sion and is associated with a greater elastic behaviour 
of the plantar flexors [11, 35]. 
Conclusions
Although sex differences in running mechanics have 
been extensively examined, the current knowledge regard-
ing sex differences in limb and joint stiffness parameters 
is limited. The present investigation therefore adds to the 
subject by providing a comprehensive evaluation of the 
limb stiffness characteristics of male and female recrea-
tional runners. On the basis that normalized knee and 
limb stiffness were shown to be significantly greater in 
female runners, the findings from the current investi-
gation may provide further insight into the aetiology 
of the distinct injury patterns observed between sexes. 
Importantly, the findings from the current study support 
the notion that females are more susceptible to overuse 
injuries than males.
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